B iochemical traits such as plasma alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma glutamyltransferase (GGT) and uric acid are associated with obesity, and with risk of cardiovascular disease, metabolic syndrome and diabetes. Each is subject to genetic influences, but little is known about changes in genetic and environmental influences on these traits over time. We investigated the contribution of genetic and environmental influences to variation in these biochemical traits in adolescent twins and their nontwin siblings from 965 twin families. Twins were studied at ages 12, 14 and 16 years. Multivariate genetic models that included effects of age and sex were fitted to determine whether the same or different genetic or environmental factors influence each trait at different ages. Results showed that the genetic factors influencing AST, ALT, GGT and uric acid change over time during adolescence, and that the magnitude of these effects differs between males and females. The nonshared environment effects were generally time specific. There are developmental changes in genes affecting these traits during adolescence.
A number of biochemical components in serum are known to be associated with obesity, prediabetic states, or risk of cardiovascular disease. The best studied in relation to cardiovascular disease are the low-density lipoprotein and high-density lipoprotein components of cholesterol (LDL-C and HDL-C). Nevertheless, other biochemical markers show robust associations with risk of cardiovascular disease, and cluster together, partly because of associations with obesity, insulin resistance and the metabolic syndrome. This group includes enzymes used as liver function tests -gammaglutamyl transferase (GGT), alanine aminotransferase (ALT) and aspartate aminotransferase (AST), triglyceride and uric acid.
Most of these show changes in mean concentration with age, and adult male-female differences which are absent in children. Because of the long-term nature of cardiovascular and metabolic risk, and evidence that structural changes in arteries can be found in adolescents, study of causes of variation in these risk factors needs to take account of developmental changes across puberty and adolescence.
There is substantial epidemiological evidence showing both cross-sectional and prospective associations between these markers and disease. Opinion on whether serum uric acid is a true risk factor for mortality and cardiovascular disease, or is simply associated with other risk factors, is divided, but there is no doubt that it is associated with the metabolic syndrome (Liese et al., 1999; Tomita et al., 2000) . Serum gammaglutamyl transferase (GGT) has been shown to be prospectively associated with cardiovascular disease (Cutrin et al., 2000; Emdin et al., 2001; Hood et al., 1990; Lee et al., 2006; Pompella et al., 2004; Ruttmann et al., 2005; Wannamethee et al., 1995) , hypertension (Lee et al., 2003b; Miura et al., 1994) and diabetes (Lee et al., 2003a; Lee et al., 2003b; Lee et al., 2004; Meisinger et al., 2005; Nakanishi et al., 2003; Perry et al., 1998; Wannamethee et al., 2005; Whitfield, 2001 ). Serum GGT is significantly correlated with total or LDL cholesterol, high-density lipoprotein (inversely), and particularly with triglycerides (Whitfield, 2001; Whitfield et al., 2002) . In the general population, GGT is significantly correlated with other liver enzymes AST and ALT (Arndt et al., 1998; Whitfield et al., 2002) , and these too have been reported to predict cardiovascular and diabetes risk, and mortality (Arndt et al., 1998; Nannipieri et al., 2005; Vozarova et al., 2002; Wannamethee et al., 2005) . In addition to these, serum triglyceride is part of the definition of the metabolic syndrome, and is correlated with the liver enzymes and uric acid; like uric acid it is associated with cardiovascular risk, but may not be an independent risk factor.
Therefore the causes of variation in these biochemical characteristics are of considerable interest. Sex differences develop around the time of puberty (Lockitch et al., 1988b; Lockitch et al., 1988a) and decrease after menopause (Leonard, 1973; Wilding et al., 1972) . A full understanding requires analysis of longitudinal data in genetically informative subjects such as twins, siblings or other family members, and ultimately genetic linkage and association studies. Previous work has established the importance of genetic variation in adults, showing significant heritability for serum uric acid (Friedlander et al., 1988; Kalousdian et al., 1987; Whitfield & Martin, 1983) ; and for GGT, ALT and AST (Bathum et al., 2001; Whitfield et al., 2002) .
However, little is known about changes of genetic and environmental influences on these variables over time in adults, or in particular in adolescents. Repeated measures on the same individuals on different occasions permit study of whether the same or different genes influence a trait at different ages. They can also test whether nonshared environmental effects are solely a consequence of measurement error and biological variation, or also reflect relatively long-term differences in the individual environment. Data on LDL and HDL cholesterol, and triglycerides, have been presented elsewhere (Middelberg et al., 2007) . The aims of the present report are to use repeated-measures data for biochemical variables associated with obesity (uric acid, ALT, AST, GGT) to investigate first, whether the genes affecting these traits vary with age in adolescence; and second, whether nongenetic (environmental) effects persist over time. This is a necessary step on the way to identifying loci and gene polymorphisms which affect these characteristics and their changes over time.
Materials and Methods

Subjects
The characteristics of the participants in this study have been described previously (Middelberg et al., 2007) . Briefly, the data come from three studies of adolescent twins and their nontwin siblings living in south-east Queensland, Australia: the mole study (McGregor et al., 1999; Zhu et al., 1999) ; the cognition (or memory, attention and problem solving [MAPS] ) study (Wright et al., 2001 ) and the Twin Adolescent study (Wright & Martin, 2004) . Additional blood samples were collected from some twins, and also from their other siblings. Adolescent twins were initially recruited in 1992, with additional pairs added subsequently. A total of 965 families participated across all three measurement occasions (Middelberg et al., 2007) . For each of these studies, participants and their parents gave informed consent to the questionnaire, interview, and blood collection, and all studies were approved by the QIMR Human Research Ethics Committee.
Zygosity assignment in all same sex twin pairs was confirmed by genotyping a panel of nine highly polymorphic microsatellite markers.
Laboratory Measurements
Serum was separated from the blood samples and stored at -70 ºC until analyzed. Serum uric acid, AST, ALT and GGT were measured using Roche methods on a Hitachi 917 Analyzer (Roche Diagnostics, Basel, Switzerland). These biochemical analyses were performed on samples from the adolescent twins and their siblings.
Statistical Analysis
Distributions of the variables were examined. If frequency distributions were skewed an appropriate transformation was used before further analysis. All references to serum AST, ALT and GGT are to logtransformed values unless specified otherwise. Families where any member had a Z-score of greater than 3.5 were excluded from the analysis for that variable (uric acid: 4 families; AST: 11 families; ALT: 10 families; GGT: 15 families).
Data processing and descriptive analyses were done with STATA version 7.0 (StataCorp, 1997).
Quantitative genetic and environmental model fitting (Neale & Cardon, 1992) was performed using the program, Mx version 1.63 (Neale, 1999) . Prior to genetic modelling, tests of distributional assumptions (i.e. that all twins and siblings have the same means and variances) were performed. The variables were also adjusted for the effects of age, squared age (age 2 ), sex, sex × age and sex × age 2 . In order to investigate the relative magnitude of genetic and environmental influences across the three occasions, we fitted separate Cholesky (triangular) decompositions to the data for each of the four traits. In addition to providing information regarding the importance of genetic and environmental effects, these analyses allowed us to characterize the nature of the covariation across time. Thus, a first factor may potentially contribute to all three measurement occasions; a second factor to the second and third measurement occasions; while a third factor is specific to the last measurement occasion. The models were fitted by the method of full information maximum-likelihood (FIML), which makes use of every available data point, allows for covariate correction, and takes account of missingness.
In order to use all available data from the male and female twins and their nontwin siblings, we utilized the implementation of the nonscalar sex limitation model parameterized by Medland (2004) . In this model the magnitude of additive genetic, common, and unique environmental variances are estimated separately for males and females. By including the data from opposite sex sibling pairs, we were able to model an additional set of additive genetic effects for one sex, allowing a test of the hypothesis that the genes influencing the trait differ between males and females. The variance and covariance terms of this model are summarized below:
If i and j are both male, σ However, this model contains a large number (42) of estimated variance parameters. Thus, we fitted a series of simplified models to the data to determine whether all sources of variance were required to accurately describe the data. These submodels and the results of the model fitting are described in the results section below. To compare nested models, the likelihood ratio chi-square test (i.e., a difference between -2 log likelihood of the full model from that of a restricted model) was used. Given the large number of statistical tests performed, we adopted an α level of .01. For the final model, 95% confidence intervals for all estimates of the path coefficients were computed.
Results
General Characteristics
Means and standard deviations of all traits for males and females are listed by age in Table 1 . For uric acid, AST, and GGT, the means of the females and males trend in opposite directions with age. Phenotypic correlations of each trait across ages 12, 14, and 16 are shown in Table 2 . Correlations between measurement occasions were around .6 for uric acid, .3 for AST, .4 for ALT and .5 for GGT. Twin pair correlations according to zygosity group, adjusted for the age-, age 2 -, and sex-, age × sex, age 2 × sex adjusted mean for each time point, are presented in Table 3 . For all traits and at all ages, the correlation between MZ twins was generally high (greater than .6). The corresponding DZ correlations were lower, suggesting genetic influences at all ages. Moreover, the MZ pair correlations at each age were stronger than the within-individual correlations across ages, suggesting the existence of age-specific genetic effects. A striking feature is the lower value of the opposite sex twin-pair correlation, indicating that for some variables different genetic influences may be operating in boys and girls.
Genetic Analyses
For each trait, the full multivariate Cholesky decomposition described above was fitted to the longitudinal data. We followed the same process of model simplification for all traits. The results of the model fitting procedure are presented in Note: Results for women are shown below the bold diagonals and for men above. Numbers on which correlations are based are shown in parenthesis; numbers on the diagonals are total numbers for females and males at that age.
coefficients (and 95% confidence intervals) from the final models are given in Table 5 . We began by testing the whether the same genes were influencing the traits in males and females, by dropping the additional sexspecific genetic effects from the model. These additional genetic effects could be dropped for all traits without significantly reducing the fit of the model. Following this, we formally tested for sex differences in the magnitude of the genetic and environmental variance components, by setting the estimates to be equal across sexes. Despite the omnibus nature of this test and the high degrees of freedom (18), a model in which male and female parameters were equated did not adequately fit the data for any trait, indicating highly significant differences in the magnitudes of genetic and environmental effects.
We then tested whether common environmental or additive genetic effects alone were sufficient to account for the covariation between siblings. As expected, given the differences between MZ and DZ correlations, a purely environmental model (CE) provided a poor fit of the data for all four traits. However, for GGT, all common environmental effects could be dropped without significantly reducing the fit of the model, indicating that additive genetic effects could adequately account for the sibling covariation on this measure. This was not the case for AST, ALT, or uric acid concentration. No other model simplification was possible for GGT, thus the best fitting model included Cholesky decompositions of A and E in which the magnitudes of the effects were allowed to differ between males and females.
As neither an AE nor a CE model provided a good summary of AST, ALT, or uric acid, we continued the model fitting process with these variables. We next tested whether the entire Cholesky structure was required to summarize the unique environmental variance. For AST, ALT and uric acid, we were able to reduce the E component from six to three parameters, each specific to a time point. This indicated that there was no significant covariation in measurement error or nonshared environmental influences across time points on these measures. For AST and uric acid, we were able to simplify the common environmental structure to a single factor that influenced all three time points. For ALT, although we were unable to simplify the common environmental structure, we could reduce the additive genetic structure to a single factor that influenced all three time points.
Discussion
Study of the genetic control of metabolism over a period of change and development such as adolescence is of fundamental biological interest, and when the characteristics studied are associated with disease, or affect the risk of its development, there are important practical implications. One important objective is to characterize the genes and polymorphisms that affect such characteristics, and their changes through life. How far this can be achieved will depend on the number of relevant polymorphisms and the magnitude of the effects of each, but there can be no doubt that use of an inappropriate model will produce misleading conclusions and misuse of resources. and between the sexes, and genetic linkage or association studies will need to take that into account.
Comparison of the MZ correlations in Table 3 with the correlations of each variable across time in Table 2 shows that similarity within MZ pairs at any age is substantially greater than the similarity within individuals at different ages. This is only explicable by postulating strong gene or shared-environment effects at all ages, but with the nature of these influences changing with age. The quantitative aspects of this, and the mix of gene and shared-environment effects, are displayed in Table 5 . It should be noted that early genetic effects do persist across time, but for AST, GGT, and uric acid they are supplemented, and therefore, to some extent displaced, by new ones coming in at ages 14 and 16. Turning to specific results, the heritabilities of these characteristics were generally high; up to 80%, with the exception of ALT at about 40% (see Table 5 ). The magnitude of genetic effects differed in their degree between males and females, and in general genetic effects were larger in males. However, there was no evidence that the genes influencing these traits differ between the sexes.
There was no evidence of covariation among the nonshared environmental effects for ALT, AST, or uric acid. However, small but persistent unique environmental effects, accounting for 0.4% to 4.4% of variance, were observed for GGT. While confidence intervals surrounding some path coefficients included zero, attempting to drop these covariance paths from the model did result in a significant reduction in model fit.
Environmental effects shared by members of a twin pair or sibship, on the other hand, were found for uric acid, AST, and ALT. These effects were not significant for GGT. For uric acid and AST, a single common environmental factor was sufficient to summarize these effects; but this was not the case for ALT, which is strongly correlated with AST. At these ages, when practically all the study participants would have been living in a family environment shared by their cotwins or siblings, differences in diet between families are likely to be important. For example, differences in the purine content of the shared diet could affect uric acid. However, in the absence of dietary data, we cannot be sure that this is the explanation, and it is not clear how shared diet or lifestyle could produce the shared environmental effects on ALT and AST.
There are few other studies to compare our results against. There is evidence of age-specific genetic effects for lipids (Middelberg et al., 2007; Nance et al., 1998; Snieder et al., 1999) , but longitudinal study of other biochemical traits is very limited.
Although the primary aim of our work is identification of genes that affect biochemical characteristics, environmental influences or gene-environment interactions must also be characterized, as they may be more susceptible to modification. Data from twins and sibling raised together cannot provide a general test of gene-environment interaction effects, although specific hypotheses about measured environmental factors and their interaction with genotype can be addressed. Environmental effects not shared within families can be identified, and longitudinal data allow us to determine whether they are constant across time. If they are not, as seen here for ALT, AST and uric acid, they are unlikely to have important effects on long-term risk. Even when present, as for GGT, they have only minor effects compared to other sources of variation.
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A major strength of this study is that the sample is large and longitudinal. To our knowledge, this is the first study of age-dependent genetic influences on these biochemical traits. The results can be used as a guide for future quantitative studies on the genetics of these markers or precursors of obesity-associated and cardiovascular disease. In general, multiple measurements across time should lead to increased power for genetic linkage and association studies (Martin et al. 1997) , but this assumes that the same genes are acting at all ages -which is not the case here. Nevertheless, elucidation of the developmental changes in gene effects remains a stimulating project, and should provide insight into the processes which can affect these markers of disease risk.
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